The atomic structure of the Au 6 × 6 on Si(111) phase has been determined using direct methods and surface X-ray diffraction data. This surface structure is very complicated, with 14 independent gold atoms, relaxations in 24 independent silicon sites and three partially occupied gold sites. In one sense the structure can be described as microdomains of the parent √ 3 × √ 3 Au on Si(111) structure. A better description is in terms of a tiling of incomplete pentagonal and trimer units, essentially a pseudopentagonal glass. In terms of these structural units it appears possible to explain all the gold structures in the coverage range of 0.8-1.5 monolayers as pseudoglasses with strong short range order but varying degrees of long range order.
The gold on Si(111) surface in the coverage range of 0-2 monolayers (ML) has been extensively studied, but many of the details are still unclear and the underlying physics uncertain. Below 1 ML two distinct phases, the 5 × 2 1 and √ 3 × √ 3 2 structures, are known to exist. Both of these are stable to temperatures far in excess of the bulk eutectic melting point of 363
• C. In the range of 1.0-1.5 ML (and perhaps with slightly lower coverages), diffraction experiments show strong √ 3× √ 3 intensities and additional diffuse or ordered structures. [3] [4] [5] [6] [7] [8] The best defined of these is the Au 6 × 6 structure at around 1.4 ML coverage which forms very close to the bulk eutectic temperature. At higher coverages gold particles form, probably Stranski-Krastanov growth.
9,10
It should be noted that quenching the bulk eutectic is known to produce a glass 11 which appears to crystallize at similar temperatures into a number of yet poorly determined phases.
12-14 Furthermore, there is some evidence from XPS 15 and diffraction 16, 17 for a gold-silicide.
Understanding the Au 6 × 6 structure can shed light on the transition from a 2D surface to a more bulklike behavior. Furthermore, because the temperatures are very close to the bulk eutectic and glass formation/crystallization temperatures, unusual phenomena may be present. For instance, in this temperature/coverage range strong homoepitaxial growth of silicon has been observed. 18 A previous attempt to look at this surface using X-ray diffraction data and a Patterson approach was at best only partially successful. 4 STM studies indicate, at a gold coverage slightly above 1 ML, sets of three maxima surrounded by triangular domain walls and a number of bright "protrusions."
19 At a higher coverage (1.4 ML), another STM paper 8 suggested a slightly different structure -a rectangular array of protrusions with a smaller periodicity than the 6 × 6 unit cell.
We have recently shown that direct methods can be used to solve surface structures. [20] [21] [22] [23] [24] We report here their use to determine the atomic structure of the Au 6 × 6 surface.
Details of the collection of the X-ray intensity data have been previously reported 4 and will not be described herein. A total of 139 independent intensities in p6mm and 248 for a plane group of p3 were used. For the direct methods we used a minimum entropy unitary Sayre method coupled with a genetic algorithm for global optimization, more details of which are given elsewhere. 23, 24 In essence, the approach finds the most ordered charge density maps consistent with the experimental intensities; the output is a number of plausible solutions with a robust likelihood for each. With small experimental measurement errors, a complete set of intensities and little nonkinematical scattering (for example from subsurface strains), these maps will be rather accurate reconstructions of the two-dimensional charge density. More often, only part of the structure will be identified in the initial analysis, the case herein.
Working from such an initial fragment, the full structure was determined by combining iterative steps of refinement (of the atomic positions) and heavy atom holography 1 to determine new sites. For reference, in p3 symmetry incoherent twin domains were assumed yielding p6mm Patterson symmetry.
Shown in Fig. 1 is an initial fragment with about 20 gold atoms, found among the top solutions using p3 symmetry. While not obvious in the initial stages of the analysis, all the top solutions in both p3 and p31m symmetry showed 20 or more of the gold atoms. Building from this structure we were able to generate the gold framework shown in Fig. 2 , a total of 14 independent sites (42 atoms without the partially occupied sites). In terms of an R factor defined as
and reduced χ n as
with M data points each with errors σ(h, k) and N variables, this structure gave R = 0.25 and χ 2 = 50. While the χ 2 is rather high, it is more than two orders of magnitude better than that found in a previous analysis. 25 A strong possibility exists that the experimental results were obtained from a two-phase √ 3 × √ 3 and 6 × 6 mixture; eliminating reflections which overlap with the √ 3 × √ 3 reduced χ 2 to about 32 and R to 0.2. (This reduced only slightly the number of reflections, from -in p3 -248 to 234.) Adding a single silicon layer reduced these again by about a factor of 2; similarly a second silicon layer reduced χ 2 to about 8. Based upon previous work 2 with the √ 3 × √ 3, the relaxation extends several layers into the substrate. However, in p3 symmetry there are only 234 reflections (about half of these independent), so including large numbers of silicon atoms (12 per layer) is not justifiable in terms of the number of measurements. To compensate for not including all subsurface atoms, the more robust form χ was used. [This corresponds to n = 1 in Eq. (1), and is less sensitive to outliers in the data.] For one layer of silicon we obtained χ = 2.7; for two, χ = 2.0. Including partial Table I . The structure can be described in terms of incomplete pentagons and trimer units, or the two-gold-ring configurations A and B discussed in the text. One of the rectangular units observed in domain boundaries of the √ 3 × √ 3 structure is shown.
occupancy at the three special sites (0, 0), (1/3, 2/3) and (2/3, 1/3) and expanding the subsurface strain field as the gradient of a two-dimensionally periodic harmonic 26, 27 had a large effect, yielding χ 2 = 3.8 and χ = 1.7, with a partial occupancy of approximately 0.5 (total coverage of 1.2 ML). For refernce, no other solutions came close.
Atom positions for two silicon layers and some of the calculated and experimental intensity values are shown in Tables I and II respectively; for a more complete set see Ref. 25 . For the atoms positions we averaged four calculations, two each using χ 2 and χ, with two different registries for the third layer of silicon atoms, and then we used these to determine the errors. The gold site errors are about 0.01Å, the silicon about 0.05Å. However, since the gold DebyeWaller factor refined to a rather high value (0.16Å RMS displacement) implying substantial static disorder (consistent with partial occupancy), a multiplicative factor of 2-3 on the errors might be appropriate. Most of this is almost certainly rotation of the gold trimers, similar to the √ 3 × √ 3. 2 We were not able to refine the surface silicon Debye-Waller term, which tended to drop to unreasonable values, implying more subsurface relaxations than can be matched with the available data. Table I . Average atomic positions with 14 gold sites and two Si layers (24 sites). Only two-dimensional diffraction data were available, so no heights could be refined. The most interesting aspects of the structure is that it is astonishingly simple, and at the same time complicated. There is a strong relationship to the parent √ 3 × √ 3 with three sets of three gold trimers. More interesting is the structure of the additional gold atoms which form incomplete pentagons and trimer units; if all the special sites were occupied, complete pentagons would be formed. Every goldgold separation is close to 0.28 nm, the bulk gold interatomic distance. At the center of these incomplete pentagons, probably at the lower apex of a pentagonal prism, are the silicon atoms of the next layer. In a number of cases silicon atoms are separated by 0.2 nm, implying the presence of second layer dimerization. The correspondence at a qualitative level between the structure and the STM images 8, 19, 28 at lower coverages is good. Similar to the parent √ 3 × √ 3, the trimers are not properly resolved, and the protrusions are the partially occupied special sites -these match the STM images not only in location within the unit cell but also in terms of their local symmetry. The overall symmetry of the structure is close to p31m, again matching well the STM images. The trimers are arranged in rectangular arrays (Fig. 2) which have previously been observed in the domain walls in the √ 3 × √ 3 structure, where they become more abundant with increasing coverage 8 and the √ 3 × √ 3 LEED pattern more diffuse. This suggests that the domain walls in the √ 3 × √ 3 break up with increasing coverage and recognize as part of the 6 × 6 structure.
This structure is remarkably similar to what would be expected for a two-dimensional glass with pentagonal units, trimers and a rather fixed goldgold separation. To understand this, note that the structure can be considered as a combination of the two Au ring structures A and B in Fig. 2 surrounding three silicon atoms in the next layer, with two rotational variants of B. Both rings sit at √ 3 × √ 3 lattice sites, the particular configuration shown giving the 6 ×6 structure; pure A units (with vacancies) will give the known √ 3 × √ 3 structure. Other tilings will yield a combination of trimers and incomplete pentagon units breaking the long range order to produce a glasslike structure. However, this would not be a true glass, because relatively sharp diffraction spots will be obtained at the √ 3 × √ 3 unit cell reciprocal lattice points, with diffuse scattering elsewhere Table II . List of the intensities of the stronger reflections (using crystallographic notation, not fractional indices), the corresponding calculated values, the weighted error and absolute errors for χ 2 = 3.8. in agreement with experimental data. [3] [4] [5] [6] [7] [8] We hypothesize that the whole coverage range of 0.8-1.5 ML is really a surface solution pseudoglass. As such it is a two-dimensional analog of the bulk glassy state, which may well have similar structural units.
Many questions remain open about this structure. It would obviously be good to obtain more precise information about the silicon sites, which would require collection of a larger data set using either X-ray or transmission electron diffraction. (Electron diffraction will be more sensitive to the silicon sites.) We also suspect that there may be other ordered structures, and there is some evidence already for this from electron diffraction 6 and STM data. 8 Aside from the structural aspects, an intriguing question is the character of the electronic states in this two-dimensional structure. In addition to standard surface-spectroscopic techniques, matching the already available STM data at different biases with theoretical calculations would be very interesting.
